ABSTRACT: Glioblastoma (GB) is the most common malignant brain tumor. Drug resistance frequently develops in these tumors during chemotherapy. Therefore, predicting drug response in these patients remains a major challenge in the clinic. Thus, to improve the clinical outcome, more effective and tolerable combination treatment strategies are needed. Robust experimental evidence has shown that the main reason for failure of treatments is signal redundancy due to coactivation of several functionally linked receptor tyrosine kinases (RTKs), including anaplastic lymphoma kinase (ALK), c-Met (hepatocyte growth factor receptor), and oncogenic c-ros oncogene1 (ROS1: RTK class orphan) fusion kinase FIG (fused in GB)-ROS1. As such, these could be attractive targets for GB therapy. The study subjects consisted of 19 patients who underwent neurosurgical resection of GB tissues. 
Introduction
Glioblastoma (GB) is classified by the World Health Organization as a Grade IV tumor and represents 15%-20% of all primary intracranial tumors. [1] [2] [3] [4] It is the most aggressive and malignant of astrocytic tumors, with histopathological features, including cellular pleomorphism, rapid mitotic activity, microvascular proliferation, and necrosis. Approximately 28,000 new cases of malignant gliomas are diagnosed in the US and European Union each year (Source: US National Cancer Registry). [2] [3] [4] Currently, combination therapy is an integral component of the multimodal treatment of GB patients. However, despite improvements in drug delivery and novel chemotherapy, the prognosis of patients with GB remains poor. Of those treated with multimodal treatment, there is only a 3.4% survival after five years (Central Brain Tumor Registry). [1] [2] [3] [4] It is therefore essential to develop new molecular target-based therapeutic strategies. This approach may prove to be an effective strategy in genetically defined subsets of patients with GB. Treatment of these relatively small subpopulations of GB patients harboring genetic abnormalities translates into a large number of overall patients treated because of the high prevalence of the disease. Because GB is an infiltrative disease that is often resistant to treatment, it is believed that the development of new combinational therapies, together with an increase in the selectivity of the treatments based on a detailed molecular characterization of these tumors, may contribute to enhance the survival of patients suffering from GB. The favorable safety profile of the current standard therapy drug, temozolomide, allows it to be coadministered with various agents. [1] [2] [3] According to the current literature, mutations in the anaplastic lymphoma kinase (ALK) gene and expression levels of the proto-oncogene c-Met correlate with glioma malignancy, with their overexpression linked to shorter survival time and poorer treatment outcomes. [5] [6] [7] Crizotinib, also known as Xalkori, has recently been shown to have superior efficacy on ALK/c-Met-positive tumors in the treatment of advanced cancer patients, which led to its approval by the US Food and Drug Administration (FDA) in 2011 as the first-in-class compound. [8] [9] [10] [11] [12] [13] ROS1 is one of the two orphan receptor tyrosine kinases (RTKs), which shares only 49% amino acid sequence homology with ALK in the kinase domains. [14] [15] [16] Recently, ROS1 fusions were identified as potential driver mutations in GB. [14] [15] [16] [17] Fused in GB (FIG) has also been identified as a potential driver mutation; FIG-derived exons and nine ROS-derived exons represent the first example of an RTK fusion protein that does not arise as a result of a translocation or inversion but rather from a relatively small intrachromosomal homozygous deletion of 240 kb on 6q21. 17 This fusion product is targeted to the Golgi apparatus where it is thought to exert its oncogenic signaling. With the recent US FDA approval of crizotinib, much attention has turned to FIG-ROS1-positive tumors. [18] [19] [20] [21] [22] Therefore, it is postulated that patients without ALK rearrangement, but amplification of c-Met or activation of other specific crizotinib targets (ROS1: an oncogenic kinase), may also benefit from crizotinib therapy. Interestingly, published interim analysis results showed no direct impact on overall survival as compared to chemotherapy; though there were high numbers of chemotherapy crossovers to crizotinib, a direct comparison was difficult. In spite of the clinical success with crizotinib, a major obstacle recognized early on was the acquired resistance to treatment. 21 Here, we sought to explore the efficacy of temozolomide and crizotinib in ALK/c-Met (ALK and c-Met pathway) and FIG-ROS1 fusion-positive GB cells within in vitro standard cell culture systems and ex vivo tissue slices. The special advantage of this ex vivo slice culture approach is the ability to maintain organ and cellular architecture, while also preserving the integrity of the tumor-stroma interaction. No study to date has systematically evaluated the efficacy of ex vivo organotypic culture in GB using slice technology, much less on a heterogeneous pool of tumor samples and compared the effects of crizotinib on ALK/c-Met signaling pathways. Moreover, the exact effects of crizotinib on the downstream signaling pathways that regulate the proliferation or survival of FIG-ROS1-positive GB cells remain to be established, and the combination effects of crizotinib with temozolomide has not been addressed. Given the therapeutic potential of the crizotinib, we hypothesized that combining this agent with temozolomide would result in increased tumor inhibition compared with either agent alone. We used the FIG-ROS1-positive human GB cells in in vitro and ex vivo models to examine how crizotinib affects ALK-Met signaling and its potential as a novel temozolomide-sensitizing agent in GB.
Methods
Ethical considerations. This research was approved by the Institutional Review Board for Human Research, Office of Research Integrity, Medical University of South Carolina (MUSC). Subjects gave their written, informed consent to participate, and the research was conducted in accordance with the principles of the Declaration of Helsinki.
Acquisition of human GB samples. GB patient samples were collected surgically from patients diagnosed with GB according to the Response Assessment in Neuro-Oncology Criteria. Patients were evaluated based on magnetic resonance imaging (MRI), as well as clinical and pathological examination. All the patients were considered to have GB, and after careful review of the clinical information by the multidisciplinary, comprehensive neurosurgery team at the Medical University of South Carolina (MUSC), the tissue was collected and handled according to MUSC procedures with the approval of the Institutional Review Board at the University. The patients who received neoadjuvant chemotherapy and/or radiotherapy before surgery were excluded from the study. The MRI examinations of 19 patients (12 males and 7 females) with GB (confirmed by histopathological examination by a pathologist) were analyzed. MRI examinations were performed preoperatively, within 24 hours postoperatively, and 30 ± 6 days (range 24-36) after surgery (before the beginning of adjuvant chemoradiation).
Tissue slice preparation. Fresh human GB specimens, in addition to those required for neuropathological diagnostic procedures, were obtained after surgical resection or biopsy at the MUSC in Charleston. An overview of the samples used in this study is given in Table 1 . During the operative procedure, the surgeon removed specimens from the central portion of the tumor under direct visualization or via biopsy. The majority of each tumor sample was then sliced. The tissue was transported to the laboratory in the minimal essential medium (MEM; Invitrogen). The standard Stoppini Slice Culture Technique was used for these studies. 23 Slice cultures were prepared using a tissue chopper (McIlwain) at a thickness of 250 µm under sterile conditions. Before preparation, a standard razor blade was wiped with ethanol to remove any oil and then sterilized by autoclaving. Additionally, a normal glass pipette and a pipette with the fine tip broken off were autoclaved. If needed, biopsy specimens were cut into appropriately sized pieces first to obtain evenly shaped slices of 5 × 5 mm. When the tissue chopper was used, the tissue was put on a stack of sterile filter membranes, cut, and then transferred carefully into ice-cold MEM by forceps. In most of the preparations, the slices stuck together after cutting, so they were separated under a stereomicroscope with two scalpels without traumatizing the tissue. The slices were then transferred by the glass pipette with a wide opening onto membrane culture inserts (Millipore) in 6-well plates at a maximum of three slices per insert depending on the size. The cultivation medium consisted of MEM (Gibco), 25% Hank's Balanced Salt Solution (with Ca and Mg; Gibco), 20% Horse serum (Gibco), 2 mM l-glutamine (Braun), 0.5% glucose, and 1% penicillin/streptomycin (Sigma). The slices were cultivated on a liquid/air interface in a humidified incubator at 37°C and 5% CO 2 , and the medium was changed three times a week. These slices were Table 1 . Background of collected GB patient samples used for slice culture experiments in this study. well maintained, with histological preservation of the main features of the original tumor for at least 14 days. Cell and slice culture treatment studies. Human GB U118MG (FIG-ROS1- 25 ) of proliferation during in vitro studies and were then used to test the effectiveness of the combination of crizotinib and temozolomide in these cell lines. In the case of the slice culture, we used ten times more drug (concentration-wise) as compared to cell culture. After treatment, the slices were snap frozen for Western blots and some slices were formalin fixed and paraffin embedded for immunohistochemistry (IHC) evaluation. All the cells and tissue slices were used for the evaluation of mechanisms of apoptosis, gene expression, and phospho-activation of selected targets in the ALK/c-Met pathway. [24] [25] [26] [27] Cells and tissue-viability analysis. A total of 5 × 10 4 U118 and U87MG cells per well were seeded into a 6-well plate overnight, and the tissue slices were grown in culture inserts (Millipore) in 6-well plates. Dose-response studies were conducted to determine the suitable concentration of the drugs used in the cell culture and tissue slice experiments. Cells and tissue slices were treated with crizotonib (200 nM [cells]/2 µM [slice cultures]) and temozolomide (5 µM [cells]/50 µM [slice cultures]) for 48 hours. Next, they were incubated with 5 mg/mL of 4,5-dimethylthiazol-2-yl-2,5-diphenyltetrazoliumbromide (MTT) at 37°C for four hours. The culture supernatant was then removed and dimethyl sulfoxide (DMSO) (for cells) or 0.1M HCl-isopropyl alcohol (for tissue slices) was added (500 µL/well). Cells were incubated in a shaker at 37°C for 25 minutes until the crystals were completely dissolved. A total of 96-well plates were used to measure the absorbance using the EMax Precision Microplate reader at 570 nm with the reference wavelength set at 620 nm using SoftMax Pro software (Molecular Devices). Optical density was compared by setting the control at 100% and the results were analyzed using Microsoft Office Excel ©. This experiment was performed in triplicate and repeated three times. Calculation of cell viability was described previously.
24
Analysis of DNA fragmentation. Genomic DNA fragmentation was analyzed by agarose gel electrophoresis of genomic DNA isolated from GB tissues, as reported previously. Patient was unable to obtain postop Mri with gadolinium due to end-stage renal disease and was also lost to follow-up.
Abbreviations: GB, glioblastoma multiforme; Gtr, gross total resection; KPs, Karnofsky Performance status; GK srs, Gamma Knife stereotactic radiosurgery; PFs, progression-free survival.
Determination of ROS production. The fluorescent probe 2′,7′-dichlorofluorescin diacetate (DCF-DA) was used for the assessment of intracellular ROS production. This is a reliable method for the measurement of intracellular ROS such as hydrogen peroxide (H 2 O 2 ), hydroxyl radical, and hydroperoxides, as reported previously. 26 Spectramax Gemini XPS (Molecular Devices) was used to evaluate the change in fluorescence. The increase in fluorescence intensity was used to assess the generation of net intracellular ROS.
Apoptosis determined by flow cytometry. The apoptotic response after crizotinib and temozolomide treatment was measured by flow cytometry using the Annexin V-FITC Apoptosis Detection Kit. The samples were analyzed by a CyAn ADP desktop analyzer (MUSC). For each sample, 10,000 cells were analyzed. The number of apoptotic cells was calculated using the Cell Quest software.
Ki-67/GFAP immunofluorescent staining. Ki-67/glial fibrillary acidic protein (GFAP) immunofluorescent staining was performed using our laboratory standard protocol. We used primary rabbit monoclonal anti-human Ki-67 (AbCam) and rabbit polyclonal anti-GFAP (Cell Signaling) for IHC. At the same time, we mounted the slides with VECTASHIELD® containing 4',6-diamidino-2-phenylindole (DAPI) nuclear stain. A minimum of three 200× magnification images were captured for each section using a Zeiss fluorescent microscope (Carl Zeiss, Inc.) from the Storm Eye Institute, MUSC. The images were compiled and processed using Adobe Photoshop Elements.
Western blot analysis. Western blotting was performed as described previously. [24] [25] [26] Monoclonal antibody (mAb) against glyceraldehyde-3-phosphate dehydrogenase (GAPDH) antibody (G-9) (sc-365062) was used to standardize cytosolic protein loading on the sodium dodecyl sulfate-polyacrylamide gel electrophoresis. ROS1 (D4D6) rabbit mAbs from Cell Signaling Technology (catalog no: 3287) were used to recog- Caspase-3 colorimetric assays. Measurements of caspase-3 (Sigma) activity were performed using the commercially available assay kits. Concentration of pNA released from the substrate was calculated on the basis of absorbance values at 405 nm. The experiments were performed in triplicate.
Statistical analysis. All data were expressed as mean ± SEM values from the indicated number of experiments. Data were analyzed by one-way analysis of variance and Student's t-test. Variations were considered to be statistically significant at a P value of *P  0.05 or **P  0.01.
Results
Demographic and clinical characteristics of GB subjects. The mean age of the GB patients was 62 ± 10.81 years, with 12 men and 7 women in the experimental group; clinical treatment and outcome information from all patients is summarized in Table 1 . GB patients without any prior procedures underwent MRI of the brain using standard sequences with and without gadolinium contrast. Samples from tumor regions were collected for slice culture analysis and IHC staining. Our IHC staining confirmed their astrocyte (GFAP) and protein expression. The proliferative activity was assessed by Ki-67 immunostaining in a subset of tumor tissue cultures (n = 10; Fig. 1A ). As expected, GB stained positive for GFAP (astrocyte markers) and Ki-67 (proliferation markers; Fig. 1 ). Tissue samples from the tumor regions of 15 patients reveal distinct FIG-ROS1 , p-ALK, and p-Met expression patterns (Fig. 1B) . Statistical analysis showed that there were no significant differences in FIG-ROS1 , p-ALK, and p-Met between the patients (P  0.1). However, we saw little or no expression of FIG-ROS1 , p-ALK, and p-Met in four GB patients. This may be due to a mutation or deletion of ALK and Met genes or a lack of fusion proteins.
Synergistic effects of crizotinib and temozolomide in FIG-ROS1 fusion-positive GB cells and tissue slices.
Because U118 cells and FIG-ROS1-positive GB tissues express a significant level of phosphorylated ALK, Met, and ROS that are potently carcinogenic, we examined whether the combination of crizotinib and temozolomide might have an impact on the growth and survival of these cells. We performed MTT assay to determine the cell viability or death after 48 hours exposure of FIG-ROS1-positive cells and tissue slices with crizotinib alone or in combination with temozolomide. Cells and tissue slices treated with crizotinib or temozolomide each elicited 20.2% and 20.1% cell death, respectively, while the combination treatments with crizotinib and temozolomide resulted in a dramatic 80.1% cell death ( Fig. 2A and C) . Our results also demonstrated significantly increased ROS production and caspase-3 activity in the combinational treatments. This synergistic effect or similar potentiation of effect on cell death was observed in the U118 cell line by flow cytometry using the Annexin V-FITC Apoptosis Detection Kit (Fig. 2B) . We were also able to correlate molecular changes due to apoptosis with internucleosomal DNA fragmentation in FIG-ROS1 -positive tissues. Unlike untreated cells, substantial DNA laddering was found in cells treated with the combination of crizotinib and temozolomide (Fig. 2D) .
Combinatorial (Fig. 3A) . Further analysis indicated that a well-established survival protein, Mcl-1, was significantly reduced by combination treatments of crizotinib and temozolomide (Fig. 3C-F) . Crizotinib upregulated the expression of BIM, a pro-apoptotic member of the Bcl-2 family of proteins, in FIG-ROS1 -positive cell lines. This effect was also greatly enhanced in cells under (Fig. 4A and B) .
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Discussion
Tyrosine kinase inhibitors (TKIs) targeted to ALK/Met are undergoing clinical trials in GB patients, but the precise mechanism of the antitumor activity or drug resistance of these drugs remains unclear. 7 Several TKIs are currently undergoing clinical trials in GBs. Because it is the most common primary intracranial malignancy and due to the relatively poor clinical outcomes characterized by this disease, it is important to identify the patient subgroups that might actually benefit from treatment with such drugs in order to optimize their efficacy by providing more targeted therapy. To help accomplish this goal, using ex vivo organotypic short-term culture of tumor will allow us to determine which pathway activation and pharmacologic inhibition can be rapidly studied with respect to the native heterogeneity of a patient's tumor. The drug crizotinib (Pfizer, Inc.; which blocks ALK and c-Met) that has been the only TKI in clinical studies until 2010 is now on the market after showing robust response rates in early trials. 9 Translation of crizotinib for use in locally advanced GB patients will largely depend on a better understanding of the effects elicited by this novel class of dual ALK/c-Met inhibitors in combination with temozolomide (chemotherapeutic agent used in the current standard of care). Thus, we examined the antitumor action of crizotinib alone and in combination with temozolomide in GB cells in in vitro and ex vivo models that are positive or negative for FIG-ROS1 .
Given that crizotinib showed inhibitory effects of the phosphorylation of ROS1, ALK, and Met in FIG-ROS1 positive GB cells in in vitro and ex vivo models, we further investigated the effect of crizotinib alone and in combination with temozolomide in these cells. We found that crizotinib selectively augments pro-apoptotic effects of temozolomide in GB tumors harboring FIG-ROS1 Our data also demonstrated that crizotinib alone or in combination with temozolomide suppresses the AKT signaling pathway through the downregulation of survivin expression (a member of the IAP family that protects cells against apoptosis by either directly or indirectly inhibiting the activation of effector caspases). Interestingly, the combination of crizotinib and temozolomide also downregulated Mcl-1 expression and displaced the activator BH3-only protein, Bim, from the Mcl-1:Bim complex. This triggered mitochondrial dysfunction, caspase activation, and ultimately apoptosis. Feeding into this pathway is the direct activation of caspase-3, which alone does not appear to be sufficient to trigger significant levels of cell death. However, these activated caspases may also contribute to the observed downregulation of Mcl-1 expression following crizotinib and temozolomide treatment. This is because they have been shown to mediate cleavage of 
